INTRODUCTION
THAT frequencies of recombination between linked genes are alterable by the genotype has been known almost since the discovery of linkage itself. Gowen (1919) , who was the first to observe that recombination frequencies varied with the genetic background, concluded that "crossing over is one of the most highly variable phenomena known "-a conclusion whose validity has since been amply demonstrated. The literature now abounds with reports on the effects of genetic background on chiasma formation and genetic recombination.
Recent work, particularly with fungi, has shown that highly specific genes and gene systems exist for the control of recombination frequencies in limited regions of the genome. This has been termed the "fine control "of recombination (Stamberg, 1968; Simchen and Stamberg, 1 969a) . Four such fine-control genes have been found in JTeurospora (Jessop and Catcheside, 1965; Smith, 1966; Catcheside, 1966; Jha, 1967) . In Schizophyllum commune two independent gene systems control recombination between the component loci of the A and B incompatibility factors (Stamberg, 1968 (Stamberg, , 1969 Simchen and Connolly, 1968) ; gene systems have also been found that control frequencies of recombination in specific regions both linked and unlinked to the incompatibility factors (Simchen and Stamberg, 1 969b) . The effects of these systems are confined to limited segments of linkage groups; adjacent regions are, in at least some cases, controlled by different systems.
The existence of an extensive series of fine-control genes of recombination raises questions about their evolutionary significance. The present study is an attempt to assess the evolutionary value of two fine-control systems, by using dominance relationships and allelic distribution in nature as criteria. Alabama, and backcrossing programme to 699
Explanation of the mating system of Schizophyllum and the use of the incompatibility factors as markers in recombination studies, as well as procedures for performing crosses and test matings, can be found in a previous publication (Stamberg, 1968) . Cultures were maintained at 18° C. prior to the collection of spores.
3. RESULTS
1. Dominance relationships. The four strains were crossed in the six possible combinations, and frequencies of recombination in the A factor and the B factor were determined for each cross (table 1) . Recombination frequencies varied significantly from cross to cross. Five of the six crosses were homogeneous with respect to recombination in the A factor, whereas the crosses fell into two groups of three each with respect to recombination in the B factor. Significance levels in this and the following tables are indicated as: unstarred P greater than 005; * = P of005-0Ol; ** = P of 0'Ol-OOOl; = P less than 0001.
Recombination frequencies in the A factor and B factor were tested in different samples.
The results indicate that, in both regions, low frequency of recombination is dominant to high. The reasoning behind this conclusion is as follows: if there are three strains such that 1 x2 gives high recombination, 1 x 3 gives low recombination, and 2 x3 gives low recombination, then strain 3 can be said to be carrying an allele (or alleles) for low recombination that is dominant to the allele (or alleles) for high recombination carried by strains 1 and 2. For the A factor, this relationship exists among the strains 699, E908, and 14, and also among the strains 699, E908, and 991: 699 >< E908: high A factor recombination 699 x 14 : low A factor recombination E908 x 14 : low A factor recombination Also: 699>< E908: high A factor recombination 699 x 991 : low A factor recombination E908 x991: low A factor recombination Thus, strains 14 and 991 carry dominant alleles for low recombination in the A factor, whereas strains 699 and E908 carry recessive alleles for high recombination in this region. For the B factor, a similar relationship exists among any two of the strains 991, 14, and 699, with E908 as the third strain: 991 x 14 : high B factor recombination 991 xE908: low B factor recombination 14 xE908 : low B factor recombination 991 x 699 : high B factor recombination 991 xE908: low B factor recombination 699 xE908: low B factor recombination 14 x699 : high B factor recombination 14 x E908 : low B factor recombination 699 >< E908: low B factor recombination Strain E908, therefore, carries a dominant allele for low recombination in the B factor, whereas strains 14, 991, and 699 carry recessive alleles for high recombination in this region.
2. Distribution of alleles in nature. Surveys of recombination in the A factor and in the B factor, in a large number of wild-type strains taken from a worldwide sample, have been made by Raper and associates (Raper, Baxter and Ellingboe, 1960; Koltin, Raper and Simchen, 1967) . The main purpose of these surveys was to establish the allelic constitution of the native A factors and B factors, but in addition they can be used to obtain information on the range and distribution of the recombination-control systems in nature.
(a) Control system for the A factor. Thirty-four wild-type strains were each crossed to a single common strain (699); the frequency of recombination in the A factor was determined for each cross after meiosis at 330 C. (Raper, Baxter and Ellingboe, 1960) . (Actually thirty-eight crosses were made; four are excluded from the present analysis either because the meiotic temperature varied from 33° C. or because the strains had a common allele and hence recombinants could not be detected.) The frequencies of recombination in the A factor ranged from 33 to 22'8 per cent, and showed great heterogeneity. Our analysis of the data (table 2) shows that crosses 1-25 form a group within which all the variation is attributable simply to sampling error; similarly, crosses 17-34 form such a group. In other words, crosses 1-16 are unambiguously low and crosses 26-34 unambiguously high, while crosses 17-25 could belong to either group. This suggests that there are two separate groups whose distributions are partly overlapping, i.e. the variation among the crosses is explainable by an allelic difference in one gene. Strains 26-34 carry an allele for high frequency of recombination in the A factor, whereas strains 1-16 carry an allele for low frequency of recombination. From the data it is not possible to tell which among strains 17-25 have the allele for high recombination frequency and which the allele for low. An alternative explanation is that additional allelic differences among the strains result in intermediate groups as well as high and low groups. On either explanation, however, the size of the unambiguously low group in comparison to that of Heterogeneity x2 values were calculated for each possible sequential division into low and high groups. The significance levels for cross 7, for example, show that crosses 1-7 are homogeneous whereas crosses 7-34 are not. Thus, cross 7 belongs in the low group. See the unambiguously high group suggests that alleles for low frequency of recombination are more widely distributed in nature than are those for high frequency of recombination. Of the 25 crosses in the two unambiguous groups, 16 (64 per cent.) carry an allele for low recombination.
(b) Control system for the B factor. Eighteen wild-type strains from the worldwide collection were each crossed to strain 699; the frequencies of recombination in the B factor were determined for each cross at 300 C. (Koltin, Raper and Simchen, 1967 ' x2 values were calculated as in table 2, except that cross 1 was omitted from the calculations as it was found that there was no satisfactory division into two groups.
to a one-allele difference among the strains. Strains 15-18 carry an allele for high frequency of recombination; strains 2-13 have an allele for low frequency of recombination; strain 14 could belong to either group. The other exceptional cross (No. 1) has a recombination frequency significantly lower than that of crosses 2-13 (X) = 7.76**); this may be caused by a physical difference, e.g. a deletion between the loci of B79. Additional experiments would be required to test whether in fact variation in recombination in this one case has a structural rather than a genetic basis. Of the 16 crosses in the two unambiguous groups, 12 (75 per cent.) carry an allele for low recombination.
Dxscussior'.i
The incompatibility factors are naturally occurring markers-i.e. extended series of alternate alleles at the oc and loci of both factors exist in nature. They have the special function of controlling the breeding system.
In a tetrapolar species such as Schizophyllum commune, the maximum potential of inbreeding-if no intrafactor recombination occurs-is 25 per cent. This value, which is the proportion of compatible matings that can occur among sibling progeny from one dikaryon, is increased, however, as the frequency of intrafactor recombination rises (Simchen, 1967) . If the incompatibility factors consisted of only one locus each, the inbreeding potential would be 25 per cent., the minimum possible fot a tetrapolar species. The outbreeding potential, on the other hand, is a function of the number of factor specificities (Raper, Krongelb and Baxter, 1958) , and the presence of two loci, each with a series of alternate alleles, increases the number of factor specificities enormously. The presence of two-locus incompatibility factors plus genes controlling the amount of recombination between the pairs of linked loci appears to be a compromise between the needs to maximise outbreeding (by increasing the number of factor specificities) and minimise inbreeding (by keeping the frequency of intrafactor recombination low). This view is supported by two lines of evidence which indicate that low recombination within the incompatibility factors has a greater selective advantage to the species than does high recombination: (1) both control systems for recombination are structured in such a way that low frequency of recombination is dominant to high (previous indications that this was true for the A factor were obtained by Simchen (1967) and by Simchen and Connolly (1968) ) and (2) alleles for low recombination, in both control systems, are found more frequently in nature than are the alleles for high recombination. Simchen (1967) similarly concluded that low recombination would maintain high outbreeding and low inbreeding potentials and observed that high recombination would be advantageous "only under special circumstances such as isolation or colonisation of a new habitat ".
The role of elements of the fine control of recombination in other regions of the genome is not obvious. Most of the regions for which genetic control of recombinatiori has been demonstrated are delimited by markers for nutritional deficiencies that have been induced in the laboratory by mutagenic treatments. Nutritional deficiencies are rarely found in strains isolated from nature; presumably such mutations arise spontaneously but lead to such a decrease in fitness that they do not enter the gene pool in any significant measure. Hence, it is improbable that the fine-control genes of recombination that do exist in nature have as their main function the regulation of recombination between two such markers. To use a specific example, a gene system has been shown to control recombination, in Schiophyl1um, between the markers nicotinic acid-2 and uracil-1 (Simchen and Stamberg, l969b) . In the laboratory, an altered frequency of recombination in this region leads to an altered frequency of prototrophs, so there is a conceivable advantage to the laboratory organism in having a fine control of recombination in this region. But in nature the loci nic-2 and ura-1 must exist, with vanishingly rare exceptions, only in competent condition; that is, they are capable of specifying the synthesis of functional enzymes. Recombination in this region between two chromosomes carrying functional nic-2 and ura-1 alleles will not lead to a better combination of these alleles. Hence, any advantage gained by controlling recombination in the region between nic-2 and ura-1 in nature is not likely to be directly related to these genes per Se.
Genes that do "matter" in nature and which conceivably have evolved in such a way that recombination leading to their reassortment would be disadvantageous are genes collectively responsible for "fitness " characteristics such as growth rate, fruiting competence, spore production, and viability. The importance of linkage in keeping such groups of genes together was first recognised by Fisher (1930); Mather (1943) introduced the term " polygene" for a linked complex of genes that as a group promote fitness of the organism in some respect. He maintained that polygenes are a compromise between immediate fitness and potential variability, the frequency of recombination within the polygene controlling the rate of release of the variability. " Consequently the recombination frequency is itself an adaptive character and will be subject to selection."
It is in this light that the fine-control genes of recombination should be considered. Fine controls that regulate recombination specifically between the genes of a polygenic complex would control the rate of release of variability stored within that complex and thus would be advantageous to the species. Other genes, such as those involved in the synthesis of metabolites, that happen to be located among the genes of a fitness complex would be regulated by the same fine control as the genes of that complex. Single fitness genes are usually difficult to map and use as markers for genetic experiments. It is this fact that leads to the somewhat ironical situation in which, it is proposed, elements of the fine control of recombination are important in keeping certain combinations of genes together, but because of the limitations of our experimental methods we observe only a byproduct of this function, i.e. the control of other genes fortuitously located nearby.
Alternatively, loci such as nic-2 and ura-1 that are involved in the synthesis of metabolites may themselves be part of polygenic complexes; that is, natural selection may have caused the grouping of" modifier "genes, that collectively improve the functioning of the gene products of the nic-2 and/or ura-1 loci, around the latter loci. The fine-control genes responsible for recombination in the nic-2-ura-1 region would then have as their primary function the maintenance of the "major" genes and the "modifying" loci as an intact unit. The incompatibility factors with their fine control systems are the only cases where it is highly likely that natural fitness complexes and their controls are being directly observed.
The recombination frequency that provides the species with the optimal rate of release of variability could well be different for different fitness complexes. Thus, separate recombination-control genes would be necessary in order to maintain the different optimal levels simultaneously.
5. SUMMARY
1. Low frequencies of recombination between the component loci of the A and B incompatibility factors of Schizophylluin commune are dominant to high frequencies. 2. Alleles for low recombination in both incompatibility factors are found more frequently in nature than are the alleles for high recombination.
3. Low recombination within the incompatibility factors seems, therefore, to be of selective advantage to the species. The advantage of low recombination in these regions is probably that the inbreeding potential is minimised while the two-locus structure of the incompatibility factors is maintained to maximise the outbreeding potential.
4. It is suggested that the numerous and complex components of the finecontrol that regulates recombination in Schizophyllum are important in maintaining combinations of genes that, as groups, promote fitness of the organism, and in releasing variation within such combinations at rates optimal for the species.
